Objective: This study aimed to assess the validity and reliability of the 3DNX triaxial accelerometer in a laboratory and mechanical setting. Methods: Experiment 1: A total of 10 units were fixed to a Multi-axis shaker table. A schedule comprising a range of accelerations was repeated on two occasions along each of the three measurement axes. Experiment 2: A total of 11 recreationally active individuals completed a treadmill protocol (4-20 km hr À1 ) on two occasions. Two 3DNX accelerometers were secured to the lower back, logging data every 5 s. Oxygen uptake was measured using the Douglas Bag technique. Reliability inter-and intra-units were assessed using a combination of limits of agreement (LoA), coefficient of variation (CV) and intra-class correlation coefficient (ICC). Validity was assessed using simple linear regression. All data are expressed in counts per 5 s (counts 5 s À1 ). Results: Experiment 1: CV intra ranged from 0.0 to 8.9% in all axes. The absolute bias ± 95% LoA values were all below four counts 5 s À1 . CV inter did not rise above 4.5%. ICCs were 1.0 for all stages in all axes. The relationship between 3DNX counts and acceleration yielded an R 2 value of 0.99 and a standard error of the estimate (SEE) of six counts 5 s À1 . Experiment 2: CV inter ranged from 7.7 to 16.0% for trial 1 and from 7.7 to 16.2% for trial 2. ICCs between units ranged from 0.95 to 1.00 for trial 1 and from 0.90 to 0.99 for trial 2. Mean ratio bias ± 95% LoA values for intra-unit and inter-unit reliability were À0.7% (P40.05)±12.4% and 0.4% (P40.05)±5.6%, respectively. The relationship between . VO 2 and 3DNX counts for walking and running was linear (R 2 ¼ 0.65, SEE ¼ 1.42 ml kg À1 min À1 ; R 2 ¼ 0.62, SEE ¼ 3.63 ml kg À1 min À1 ).
Introduction
The association between physical inactivity and obesityrelated ill health is now well established. 1 The effects of inactivity are wide reaching, with obesity now cited as the most common disease among children and adolescents. 2 To characterise the relationship between physical activity and health outcomes among different free-living populations, and to provide evidence-based recommendations, objective measures of physical activity and associated energy expenditure are required. 3 The doubly labelled water method is considered as the gold standard for assessing total energy expenditure but its use is often limited to small experimental studies for practical and financial reasons. 4 Furthermore, this method provides only a mean estimate of energy expenditure over a series of days, and no information regarding the pattern (that is, frequency, intensity and duration) of physical activity and associated energy expenditure. 5 In recent years, technical developments have allowed the expansion of physical activity assessment, and body-borne accelerometers have emerged as valuable tools for objectively assessing frequency, duration and intensity of activity.
avoids recall problems and bias associated with self-report survey methods. However, the quality of information received from accelerometers is only as good as the reliability and validity of the devices themselves. 9 Two main types of accelerometers are in widespread use in physical activity research: uniaxial and triaxial. Laboratory studies have shown close agreement between both types of accelerometers for ambulation and other treadmill-based activities. 10 However, during free-living activities, it has been suggested that triaxial accelerometry offers greater prediction accuracy of energy expenditure. 10, 11 It is widely accepted that waist-mounted accelerometers tend to underestimate energy expenditure during free-living conditions because of the technology's limited ability to detect increased energy cost from load carriage, upper body movement and changes in surface or terrain. 12, 13 Nevertheless, it appears that the greater sensitivity of the triaxial accelerometer to movement in different planes leads to better prediction of energy expenditure than uniaxial accelerometers during a free-living environment.
14 Few commercially available triaxial accelerometers are available on the market today, one of which is the 3DNX (BioTel Ltd, Bristol, UK). Two laboratory studies have reported favourably on the prediction of metabolic rate (that is, . VO 2 ) by the 3DNX model version 2 during treadmill exercise. 15, 16 The capability of 3DNX to predict energy expenditure in free-living adult and adolescent cohorts has also been examined using the doubly labelled water method as a criterion measure. Carter et al. 17 reported that 35% of the variance in total energy expenditure was explained by the 3DNX output; this increased to 78% when combined with anthropometric variables. The 3DNX model version 3 (v3) is smaller and lighter than version 2. Minor software changes signify that as v3 emerges on the market, it is important that its validity and reliability be assessed. Current accelerometer reliability research comprises studies using mechanical devices and/or human applications, either in the laboratory or under free-living conditions. The use of a mechanical setup allows the precise control of the amplitude and frequency of the oscillation, which are important variables in relation to accelerometer output. Because of the precise control of these experimental conditions, any variability observed can be attributed solely to the accelerometer. 18 The information gathered from the mechanical apparatus aids the interpretation of results from human studies: If the measurement error inherent to the accelerometer is low, then any variability observed in human reliability data can be attributed to other sources such as the position the accelerometer is worn on the body or day-to-day variation. 9 This paper describes the reliability and validity of the 3DNX, adding to the knowledge base, assisting researchers in their choice of device for studies such as IDEFICS (Identification and prevention of dietary-and lifestyleinduced health effects in children and infants). A validation study on B100 IDEFICS children comparing both a wellknown uniaxial and the 3DNX with a gold standard measure of energy expenditure will provide information about the relative merits of the two devices 19 to measure movement and energy expenditure in the target population. The aims of this paper are fourfold. The first objective is to assess intra-and inter-unit reliability during mechanical testing in the physiological range of human movement. The second is to assess the technical validity or, more specifically, the individual and combined effects of acceleration and frequency of oscillation on 3DNX output during mechanical testing. The third is to assess the intra-and inter-unit reliability during human treadmill exercise. The final objective is to assess the predictive validity of the 3DNX against metabolic rate during treadmill exercise. Overall, this paper aims to provide laboratory data as an important first step before a free-living validation study is conducted.
Materials and methods

Accelerometer
The triaxial 3DNX model v3 (http://www.biotel.co.uk) is sensitive to movements in three planes: X (anteroposterior), Y (mediolateral) and Z (vertical). The unit measures 54 Â 54 Â 18 mm, and weighs 70 g including a 3.6 v lithium battery (Saft Ltd, Harlow, UK) with a life of B21 days collecting data at 5-s epochs. The unit contains two ADXL321 biaxial microelectromechanical sensors (Analog Devices Ltd, Surrey, UK) positioned orthogonally to measure acceleration in three movement planes. The sample frequency of the 3DNX is 100 Hz with a low pass filter set at 0.2 Hz and a high pass filter set at 20 Hz, which ensures that most non-human movement, such as vibration, is not registered. Once the digital signal is filtered, it is fully rectified and integrated over 1 s. The 1-s integrals are summed depending on the epoch selected by the user (currently between 5 and 60 s) to produce an arbitrary 'counts' value. Approximately 42 days of data can be stored when collecting at 5-s intervals; however, the battery would require changing after 21 days.
Multi-axis shaker table
The Multi-axis shaker table (MAST-9720, Instron Structural Testing Systems Ltd, High Wycombe, UK) is powered by three vertical, one horizontal and two lateral hydraulic actuators. Only the horizontal actuator was used during this testing protocol.
The accelerometers were attached securely to the aluminum alloy mounting plate using double-sided floor tape (DS Scrim 306/250, Tape Range distributors Ltd, Hyde, UK). The accelerometers were rotated before each test so that the horizontal motion of the MAST corresponded to movement along the x, y and z axes of the 3DNX.
Experiment 1Ftechnical validity
The MAST testing conditions were chosen to replicate a range of physiologically relevant movements that typically occur within a ± 6 g range at waist level 20 and have frequency components that tend to fall between 0.3 and 3.5 Hz. 21 The protocol was preprogrammed using the MAST's dedicated software (RS Replay, Instron Structural Testing Systems Ltd). In total, 10 units were subjected to the testing schedule (Table 1 ) in all three axes. This was repeated on two occasions separated by no more than 5 min. Initially, one trial run was completed without logging the data to ensure that the MAST was functioning at an optimum operating temperature. One unit was excluded following tests as the battery casing worked loose, causing failure mid-test. The maximum displacement amplitude of the MAST (60 mm) limited the testing conditions to a maximum acceleration of 1.5 g. The MAST rig is calibrated regularly to an accuracy of 0.1 g.
By keeping acceleration constant at 4.90m s À2 in conditions 4, 5 and 6 while changing amplitude and frequency, an independent assessment of the effect of frequency on count magnitude was conducted. All raw accelerometer data were downloaded using dedicated software (BioTel Ltd) and transferred to a spreadsheet in which 5-s epoch accelerometer counts were averaged over each stage. As each condition was 1-min long, this was typically the mean of 10 values after excluding the first and last epochs of each stage to ensure that only steady-state values were included in the analysis. All data are expressed at counts per 5 s (counts 5 s
À1
).
Experiment 2Fhuman validity
Following ethical approval from the University of Birmingham research ethics committee, five male and six female recreationally active participants (mean ± s: age 22 ± 3 years; height 173±9 cm; and mass 71±11 kg) completed two incremental treadmill protocols separated by not more than 5 days on a preprogrammed, motorised treadmill (Woodway ELG70, Waukesha, WI, USA). The protocol consisted of three 5-min walking stages (4, 5 and 6 km h units on an elastic belt, positioned firmly in the small of the back. The counts from each axis were stored every 5 s. The rate of oxygen uptake ( . VO 2 ) was measured during the last minute of all walking and jogging stages using the Douglas Bag technique. Fractions of expired O 2 and CO 2 were assessed using paramagnetic and infrared analysers, respectively (Servomex 1440, Crowborough, UK). The total volume of expired gas was also determined using a dry gas metre (Harvard Apparatus, Kent, UK), and the temperatures of expired gases were measured with a digital thermometer (model C, Edale Instruments, Cambridge, UK). All values were corrected to reflect standard temperature and pressure. The analysers were calibrated before the test with gases of known composition and volume within the physiological range.
All raw accelerometer data were downloaded using dedicated software (BioTel Ltd) and transferred to a spreadsheet in which the 5-s epoch accelerometer counts from x, y and z axes were summed. Values were then averaged over each stage where both the first and last two epochs of the jogging stages and the first and last epochs of the sprinting stages were discarded. This ensured that all data used for analysis were not affected by a change in movement velocity.
We certify that all applicable institutional and governmental regulations pertaining to the ethical use of human volunteers were followed during this research.
Statistical analyses Experiment 1Ftechnical reliability. For each unit in each condition and each axis (297 in total), the coefficient of variation (CV intra ) was calculated as a measure of intra-unit reliability. Bland and Altman plots, and absolute limits of agreement (LoA) were generated for each axis, combining data from all nine units.
Inter-unit reliability has been noted by previous investigators to be problematic when comparing multiple units. 18 In this paper, an approach similar to that of Brage et al. 22 was used to determine the variability between accelerometers. First, the relative difference of the unit mean from the overall mean (3DNX_All) was calculated for each condition and plotted for visual inspection (modified Bland and Altman plot). Second, coefficients of variation (CV inter ) and intra-class correlation coefficients (ICCs) were calculated using unit mean values and 3DNX_All.
Technical validity. Technical validity was established using simple linear regression for each axis (n ¼ 198) and for all axes combined (n ¼ 594). The correlation coefficients provide an expression of criterion-related validity. Standard error of the estimate (SEE) was calculated for all relationships.
Experiment 2Fhuman reliability. Mean ratio bias LoA, coefficients of variation and ICCs were generated both intraand inter-unit. 
Results
Experiment 1Ftechnical reliability Mean ( ± s.d.) accelerometer counts for each of the nine units tested and for all units combined (3DNX_All) are listed in Table 2 as an example, for the x axis ( Figure 1 ). Intra-unit reliability is expressed in Table 2 as CV (%). Intra-unit reliability was good, with CV intra for x, y and z axes ranging from 0.0 to 8.9%, 0.0 to 5.7% and 0.0 to 6.4%, respectively. respectively. Individual units displayed low variability across all conditions, with CV inter remaining below 4.5%. CV inter ranged from 1.4 to 3.1%, 2.3 to 4.0% and 0.9 to 4.5% for x, y and z axes, respectively. Mean CV inter for all units in all axes and for all tests was 2.61%. ICCs were 1.0 for all stages in all axes. Inter-unit differences relative to 3DNX_All are shown in Figure 2 for the x axis only. Figure 3 shows that a strong positive linear relationship was observed when the average counts from conditions 1 to 11 from all axes in all units are displayed together (n ¼ 594). . Figure 4 is a graph adapted from data reported by Esliger and Tremblay, 9 who used a mechanical rig to investigate the reliability and validity of three commercially available accelerometers. The graph displays data from four models, including the 3DNX, showing the independent effect of changing the frequency of oscillation on count magnitude. The 3DNX values have been multiplied by 12 so that they correspond to counts per min. Table 3 shows the descriptive statistics and intra-unit reliability for both trials. The variability between units was highest during walking stages with coefficients of variation for inter-unit reliability ranging from 7.7 to 16.0% for trial one and from 7.7 to 16.2% for trial two. ICCs between units ranged from 0.95 to 1.00 for trial 1 and from 0.90 to 0.99 for Reliability and validity of the 3DNX accelerometer FE Horner et al trial 2. Mean ratio bias±95% LoA for intra-unit (n ¼ 220) and inter-unit (n ¼ 220) reliability were À0.7% (P40.05)±12.4% and 0.4% (P40.05) ± 5.6%, respectively.
Technical validity
Human reliability
Experiment 2Fhuman validity
The relationship between . VO 2 expressed as ml kg À1 min À1 and average 3DNX counts from units 1 and 2 ( Figure 5) health in free-living populations such as the IDEFICS cohorts, it is imperative that the device chosen to measure physical activity be valid and reliable. This study aimed to test extensively the reliability and validity of the 3DNX v3 triaxial accelerometer in a mechanical setting and during treadmill exercise. The unit yielded promising results in both.
Experiment 1Ftechnical reliability
All nine units, regardless of measurement axis, demonstrated high intra-and inter-unit reliability. Inter-unit coefficients of variation (CV inter ) in the present study compared well with those reported for the RT3 (Stayhealthy Inc., Monrovia, CA, USA)Fanother commercially available triaxial accelerometer. Powell et al. 24 reported inter-unit CVs ranging from 6.3 to 38.5% across two similar frequencies for the RT3, whereas CV inter for the 3DNX did not rise above 8.9% in any measurement axis. More recently, Esliger and Tremblay 9 reported slightly worse values for the RT3 compared with those of Powell et al., 24 citing a mean CV inter of 42.9% in comparable testing conditions. The 3DNX displayed higher inter-unit variability at the lower accelerations because of variations from the mean of one or two counts equating to a larger percentage of the mean count value. Other units have displayed similar trends; 22, 24, 25 however, in real terms, such low absolute variability at the lowest accelerations is unlikely to affect the overall classification of physical activity. High inter-unit reliability is particularly desirable for studies attempting to compare across a population, such as the IDEFICS study. If poor technical reliability is inherent between units, then it becomes unclear whether any variability found within a human population can be attributed solely to variation in behaviour. Individual unit calibration is a potential solution but may be impractical on a large scale. Brage et al. 22 noted that, for the CSA 7164 (Computer Science Applications Inc., MTI, Fort Walton Beach FL, USA), the magnitude of inter-unit variability translated in vivo to up to 20% difference in activity counts for walking and 40% for running. This would lead to a distortion of the classification of those subjects who met the recommended daily amount of physical activity energy expenditure and those who did not. Intra-unit reliability becomes most important when trying to characterise changes in activity profiles over time during intervention studies, such as the IDEFICS study. The 3DNX units showed good results across all accelerations. CV intra ranged from 0.0 to 8.9%. These results are slightly poorer than the intra-unit reliability expressed as CV intra reported by Esliger and Tremblay 9 for the Actical, Respironics Inc., Murrysville, PA, USA (0.2-1.1%), which is similar to the Actigraph 7164, Fort Walton Beach, FL, USA (0.2-9.5%) and better than the RT3 (36.2-106.9%). Intra-unit variability is best observed in the Bland and Altman plot (Figure 1) , with 95% LoA for all units in all axes within±3.86 counts 5 s
À1
between tests one and two. The z axis plot shows slightly higher variation at higher accelerations. Although care was taken to attach each unit as securely as possible to the MAST, it is possible that the double-sided tape lost some adhesiveness by the final trial, which may have allowed some movement during stages 7 and 8. This could account for the heteroscedasticity seen in the z axis.
Technical validity
The results from experiment 1 indicate that the 3DNX demonstrated good validity, expressed as a linear correlation with increasing acceleration. The reported linearity of 0.99 between 0.08 and 1.5 g is in accordance with most industry standard accelerometers. 6 In addition to the data collected in this study, data reported by previous researchers in similar mechanical setups provide valuable sources of comparison between commercially available devices. Outputs from the Actigraph 7164 and Actical, 9 RT3 24 and the CSA 7164 22 have all been shown to be dependent on movement frequency in a mechanical setup, whereas 3DNX count output remained unchanged at 0.5 g when subjected to a range of frequencies and amplitudes. The current study is one of only a few that have scrutinised the mechanical validity of commercially available units; by contrast, there are numerous human validation studies. 13 We contend that all accelerometers should undergo a similar protocol to the one outlined in this paper to ensure that, when human error is removed, accelerometer counts are directly related to acceleration. As earlier studies have demonstrated, a unit can possess strong inter-and intra-unit reliability but may show disconcerting results when an independent assessment of frequency is conducted. 9 Study 2Fhuman reliability Following the results of the mechanical testing, it can be inferred that any variability in the 3DNX observed in humans can be attributed mainly to biological variables.
Under laboratory conditions, inter-unit reliability was acceptable across all treadmill speeds (ICC ¼ 0.90-1.00 and CV ¼ 6.6-17.4%). The 3DNX compares well to the results reported by Krasnoff et al. 26 (CV ¼ 9.5-34.5%) for the triaxial RT3. As observed in other accelerometer models, reliability of the 3DNX at the two slowest walking speeds was poorer than at the jogging speeds. 27 Although both units were placed in the small of the back, they were positioned side by side and, as such, may have been subjected to contralateral variability, which is more apparent at slower speeds. 28 Many population studies measure physical activity over a number of separate days. This makes the test-retest reliability of any one unit particularly important. In this study, it was only practical to attach two units to each subject because of subject comfort and the difficulty of firmly fixing more than two devices. With coefficients of variation ranging from 7.7 to 16.2% (mean 10.8%), the 3DNX compares favourably to the results of Welk 29 who examined the within-unit reliability of four commercially available accelerometers during treadmill exercise. The results of this earlier study reported that, for a standardised bout of treadmill activity, Although the findings of the current study demonstrate promising capabilities of the 3DNX, the human reliability component of the study would have been more complete had a range of non-ambulatory movements been included. Further, an accurate estimate of the resting component of energy expenditure would have permitted a more specific analysis of the relationship between activity counts and activity energy expenditure. In addition, a more extensive analysis would have been possible had the raw signal been accessible. To fully compare the performance of accelerometer models, acceleration in m s À2 rather than arbitrary 'counts' should be compared with a criterion measure. Accelerometer manufacturers should be urged to release these data before applying proprietary algorithms.
In conclusion, the 3DNX is a reliable and valid device for measuring acceleration in a mechanical setting and during treadmill exercise. Accelerometer technology is constantly changing and newer models are being produced. We contend that all monitors should be subjected to a similar mechanical protocol to that described in this paper so that any observations made in vivo can be attributed solely to human behaviour variation. The validity of the 3DNX v3 model to predict energy expenditure in a sample of free-living subjects remains to be established, although several studies on children and adults, including the IDEFICS validation study, have recently been conducted and results are pending.
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